This research attempted to build a framework for determining optimal routes for hazardous materials transportation. Previous work has suggested the incorporation of many conflicting objectives in the analysis, such as travel cost, population exposure, environmental risk, and security concerns. Multiplying the number of objectives leads to complex shortest path problems that often have several efficient solutions. The present study emphasizes an overview of possible trade-offs among routes without generating all of them. A simple characterization of the efficient routes is used to select the best ones with no need for input from the decision maker. A case study with eight objective functions was performed on a road network in Singapore. A geographical information system was used to quantify road link attributes, which are assumed linear and deterministic for the sake of simplicity. The proposed algorithm derives four significantly different routes, which conform to intuition.
Hazardous materials (hazmat) transportation has received considerable attention since the 1980s, mainly because of growing safety concerns in most developed countries. Some tragic accidents have raised the question of how to limit damage generated by an ever-growing number of shipments across densely populated neighborhoods. Although public agencies have addressed the problem with a series of regulations and safety measures, transportation researchers have strived to model the risk associated in shipping hazardous substances and to propose various methods to design suitable routes that present interesting trade-offs between transportation costs and accident risks.
After a slight slowdown, mainly because of the difficulty of gathering accurate and relevant data, hazmat transportation research has recently gained renewed emphasis, because of two probable reasons. The first reason relates to the development of intelligent transportation systems whose aim is to provide convenient tools for midterm, short-term, and possibly real-time decision making for complex transportation networks. Among those tools are geographical information systems (GIS), which can facilitate the complex task of risk assessment by enabling visualization, query, and handling of spatially related databases. The second reason is security concerns after the tragic events of September 11, 2001 . The harmful potential of hazardous substances may jeopardize facilities and convoys, as they are likely targets for terrorist attacks or hijacking.
Despite the new interest resulting from the availability of more powerful risk assessment tools and the increasing complexity of designing hazmat routes, the problem of determining optimal routes for hazmat transportation has yet to receive the attention it deserves. This research attempts to address the issue by building up a decisionhelping tool to provide the decision maker with a set of suitable routes to select from. A GIS is used to quantify each of the identified routing criteria and to display the resulting set of proposed paths. The main difficulty is in generating an appropriate number of efficient routes, which, on the one hand, should be small enough to be handled by a decision maker and, on the other hand, be large enough to give an overview of all possible trade-offs among conflicting objectives.
LITERATURE REVIEW

Limitations of Earlier Work
List et al. provided a thorough survey of the pre-1991 literature on risk analysis, routing and scheduling of shipments, and facility location (1) . A few years later, Erkut and Verter attempted to provide a synthetic overview of the issues in transporting hazardous substances (2) . Both studies highlighted important areas for further research.
First, the studies emphasized the need to improve traditional risk assessment methodology, suggesting that "careful incorporation of a wider variety of risk measures for routing/siting decisions will improve their relevance" (3). Besides incident probability and population exposure, the evaluation of hazmat route safety should consider additional factors, such as the existence of sensitive environments, emergency response capabilities, burden on commerce, congestion delays, and property risks (4) .
Second, the studies recommended that hazmat routing analyses adequately integrate the road network with its surroundings, because risk levels strongly depend on the characteristics of the regions crossed by the shipments. As early as 1993, researchers argued that the development of GISs could successfully address this issue by providing a means to analyze network topology and spatial features together (5, 6) . However, interesting developments in this direction took long to appear (7) (8) (9) .
One difficulty in hazmat transportation studies is the explicit treatment of uncertainties associated with risk measures. The use of risk profiles to represent the probabilistic nature of hazmat incidents (10, 11) leads to complex mathematical models, which usually require deterrent algorithms (12, 13) . A usual alternative is to account for the stochastic nature of risk by computing the expected mean, variance, and possibly higher-order moments of the adverse consequences of an incident, which is efficient provided that all estimates remain additive across links (14) .
The concerns raised in the two earlier reviews advocate a multiplication of objectives for the hazmat routing problem (1, 2) . An appropriate path should be to minimize transportation costs incurred by vehicles, as well as the expected value, and possibly the variance, of many risk estimates, including population exposure, environmental risk, property risk, and economic burden. This approach addresses the multiobjective nature of the problem and highlights the trade-offs among conflicting objectives.
Multiobjective Shortest Path
In multiobjective problems, it is very unlikely that a single solution is optimal relative to each objective. For instance, the shortest path may not be the one with minimum risk to the surrounding population. Actually, the fastest route may even be the worst route from a safety perspective, because better road quality is usually found in densely populated areas. Because of the multiobjective nature of the problem, numerous equivalent solutions exist (i.e., none is better than any other for every objective). These solutions are called Pareto optimal or nondominated.
Two main approaches are used to find the best path under multiple objectives-(a) either generate all Pareto-optimal solutions (Pareto front) and let the decision maker choose from this set or (b) ask the decision maker to state preferences to focus directly on the paths of interest.
The former approach (generating approach) can rely on multiobjective linear programming (MOLP), provided that some linearity conditions are satisfied (15) (16) (17) , or specialized multiobjective shortest path algorithms, such as those reported by Skriver (18) . Although the latter approach can account for nonadditive objective functions (19) and stochastic or time-varying attributes (13) , it faces the same computational problems as MOLP techniques; that is, the number of Pareto-optimal paths can be very large and the computational time may grow exponentially with the network size (20) and the number of objectives (m).
The latter approach is sometimes called utility based, because it relies on the assumption that the decision maker's preferences derive from an underlying utility function that can be stated beforehand (21, 22) or through an interactive procedure (23, 24) . However, articulating quantitative preferences for incommensurable objectives may be a rather delicate issue involving ethical questions, such as the price of life or the liability of emergency response teams, which are difficult to quantify. To overcome this issue, the utility-based techniques are often used repeatedly to generate several solutions by varying key parameters. This yields a partial set of nondominated paths, which may be biased by the very assumption of a utility function. Because most utility functions cannot capture all the Pareto-optimal solutions, the partial set created may miss some interesting paths and may not present all possible trade-offs to the decision maker.
In view of past work, generating techniques and preferencebased approaches have pros and cons. An alternative approach would be to construct enough, but not too many, efficient solutions that appropriately approximate the Pareto front.
THEORETICAL FRAMEWORK
Characterization of Pareto-Optimal Paths
Consider m objective functions f 1 , f 2 , . . . , f m and denote p and q as two feasible paths from origin to destination, with a vector of attri- 
dropping the second condition with strict inequality. Figure 1 shows that the set of Pareto-optimal solutions, or Pareto front, comprises extreme efficient points, which lie on the convex hull of the feasible domain, and, possibly, gap points in the concave parts, which may be interesting solutions as well. Many researchers use a weighted average of the objectives to convert the problem into a single objective problem, but this approach fails to find the socalled gap points. To explore every region of the Pareto front, the following objective function is proposed:
where w = (w 1 , w 2 , . . . , w m ) is a set of positive weighting factors that can be varied to derive the entire set of nondominated solutions. Although these factors may be interpreted as representing decisionmaker preferences, they are merely used as control parameters.
Assuming that all objective functions are strictly positive, the following result provides a characterization of nondominated paths using a single objective function:
Proof: ⇒ q nondominated implies that for every path p, ∃k,
However, a weak definition of dominance is used. Define a positive vector w as (0, 0, . . . , 0, w k = 1, 0, . . . , 0). Because all f k are strictly positive, it follows that f(q,
⇐ Proof of the counterpart of this implication. Assume that q is dominated by some path p, i.e., such that
For every choice of positive weights w, it holds the following:
A geometrical interpretation in two dimensions shows that the isolines of function f are square wedges and that the inside region of the wedge corresponds to the set of paths dominating the summit of the square angle. The shape of the isolines of f is perfectly appropriate to explore the convex and concave parts of the Pareto front, while ensuring Pareto optimality of the points encountered. Thus, an approximation of the Pareto front can be obtained by solving several instances of the following problem:
where w = (w 1 , w 2 , . . . , w m ) defines the search direction. Figuratively, solving this problem is equivalent to scanning the Pareto front along a specific aiming line joining (0, 0, . . . , 0) and (1/w 1 , 1/w 2 , . . . , 1/w m ). This approach is an application of the theory of the achievement scalarizing function, developed by Wierzbicki as early as 1977 (25) .
Calculating Desired Pareto-Optimal Path
Problem 1 can be regarded as a shortest path problem with the objective function as the utility granted to each path, that is Unlike the weighted average method, which comes down to a standard shortest path algorithm, this problem cannot be solved in polynomial computational time. As minimizing U(p) is another way of finding Pareto-optimal paths, it does not suppress the intrinsic complexity of the task. In other words, Problem 1 faces the same difficulties as any multiobjective shortest-path algorithm.
For simplicity, this research assumed that all objectives f k are linear functions of the link attributes, which enables Problem 1 to be formulated as a linear program. Denote a set of arcs in the network by its matrix representation X = (x ij ), with x ij = 1 if arc (i, j) is in the path and 0, otherwise. Similarly, denote C k = (c k ij ), the cost matrix Two methods were used to validate the framework. The first method solved this problem using a branch-and-bound algorithm provided by Lindo, which is a numerical solver dedicated to linear programs. The second method addressed Problem 1 by using a custom-made, node-labeling algorithm inspired by the work of Granat and Guerriero (24) . The computational experiments showed that the node-labeling algorithm usually performs much faster than the branch-and-bound procedure because it uses the network connectivity properties to examine each variable in turn. However, this algorithm requires much more memory space, which can be a critical issue for some applications. Further research is needed to determine the behavior of both algorithms when averaged over different types of real road networks.
Approximation of Pareto Front
Using several sets of weighting factors w, Problem 1 enables some nondominated paths pertaining to the Pareto front to be found. The coverage quality of the approximate Pareto front obtained is greatly important in providing the decision maker with an unbiased overview of the possible trade-offs. An appropriate coverage should achieve a compromise between the amount of information provided and the computational time required to obtain it, that is • Be sufficiently well distributed. For instance, the probability that an interesting path lies outside the convex cone enclosing the calculated set of nondominated paths should be small.
• Reflect major inflections of the Pareto front, especially concave regions and saddle points (in two dimensions greater than two).
• Avoid paths with too much similarity in their attributes and routes.
• Be reasonably small compared with the number of objectives, so that a decision maker can easily handle it. This constraint may not seem important in two dimensions, because a graphical representation enables quick visual inspection of the proposed set, but it becomes a critical issue with more than three dimensions, when partial representations may be misleading.
The proposed procedure to derive a good approximate Pareto front first calculates the paths that are optimal for one objective and thus defines the framework of the exploration domain. At every subsequent step, a new search direction is defined to explore the largest empty subregion between two known solutions (Figure 2 ). In the absence of additional nondominated paths lying in an empty subregion, the particular shape of the isolines of the max function ensures that all known solutions are reached at the same time and no unexplored gap can subsist in this subregion. The algorithm stops when an adequate 
Goodness of Selected Paths
To assist the decision maker when facing many alternatives, a confidence indicator is calculated for each path that quantifies the compromise made when this path is chosen over the others. To some extent, all path attributes are random, so that the Pareto front is the extreme minimal frontier of a set of multidimensional stochastic variables. Under some classic assumptions, the generalized extreme value distribution is suitable to model the asymptotic behavior of Huang, Fery, and Zhang 67 these minima (26) . In other words, each component f k can be assumed to follow a Gumbel distribution along the Pareto front:
where a and b are location and scale parameters, respectively, and are related to the mean μ, the standard deviation σ, and the Euler constant (γ ≈ 0.577215) by In practice, the algorithm evaluates the mean and variance of attribute f k on the basis of all solutions found. Then, for every path p, the probability that an additional nondominated path would have a smaller attribute f k is The smaller this probability, the better the path relative to objective k. Conversely, the quality of path p on the kth objective is Q k (p) = 1 − P k (p). This procedure converts m incommensurable objectives f k into probabilities Q k , thus providing a common measurement scale among the various attributes. The overall quality of the path Q(p) is then defined as the geometrical mean of these probabilities:
The higher this indicator, the more evenly distributed is the vector of probabilities (Q 1 , . . . , Q m ). Thus, trade-offs among incompatible objectives yield higher values for the indicator. If the decision maker can state preferences relative to a vector of priorities (γ 1 , . . . , γ m ), the quality index can be modified to meet specific needs as follows:
CASE STUDY
Methodology
The theoretical framework presented earlier was implemented in a GIS environment by building up a decision-making tool for routing petrochemical vehicles in Singapore. The GIS platform ArcView 3.1, developed by ESRI, enables a geographical analysis of the impact zone associated with every road segment. Databases and shape files provide sufficient information to locate residential, commercial, and industrial buildings to estimate the area of sensitive environments or calculate the response time from the nearest fire station, for example. After the link attributes are quantified, all relevant data are exported toward a dynamic link library, coded in C++ language that calculates an approximate Pareto front for the specified routing problem. For each link, eight attributes were calculated:
• Travel time (travtime); • Probability of an accident with release of hazmat materials (accprob);
• Expected population at risk (risk);
• Expected population with special needs at risk (specrisk);
• Expected areas of sensitive environment at risk (envrisk);
• Expected burden on the economy-industrial, commercial, and transportation facilities at risk (econburden);
• Expected additional damage from a delay in emergency response (adddamage); and • Danger index to account for the risks of hijacking and intentional hazmat releases by terrorists (danger).
As mentioned previously, the model is limited by the restriction that all attributes must be additive along paths. That is why
most objectives are expected values, which are additive under the assumption that accident probabilities are independent from one link to another.
Quantification of Link Attributes
Operating Costs
The cost of operating a truck usually involves many factors, ranging from fuel consumption, driver wages, and maintenance, to insurance and amortization costs, which, under different accounting policies, may yield different definitions of cost. For simplicity, this study assumes that operating costs are an increasing function of the travel time only, and the travel time is directly used as one objective of the minimization problem. Although road lengths are readily available in the geographical database, travel times need to be estimated for each road segment. In the absence of actual, time-varying travel time profiles for the Singapore road network, the expected travel time of each link was calculated as a function of length, functional speed, and average time of delay if the link ends at a signalized intersection. Because of the small size of Singapore Island, the road network is represented very accurately, so that short road segments allowing for turns can be considered with suitable time penalties.
Risk Estimates
Numerous models have been proposed to measure the risk of hazmat transportation material along a road segment (3, 14) . The common feature of all approaches is that a risk indicator consists of the probability of some undesirable event and possible adverse consequences. Denote q i as the probability of an accident with hazmat release, along the ith link of path p, which comprises n(p) links, and C i the number of injuries and fatalities from the accident. Under some reasonable assumptions, notably that q i << 1 for every link, a simple and tractable model would define the expected consequences of an accident along path p as
To be more precise, q i could be refined as the conditional probability of a release with the level of consequences C i , given that an accident occurred on link i. In addition, C i could be taken as a stochastic quantity that may vary with road traffic, weather conditions, and many other fluctuant parameters. The purpose of this study is not to define an accurate measure of risk, which is left to a later discussion. This simplistic linear model is regarded as a relative indicator of risk, which is sufficient to enable a selection between several alternatives (4).
In the absence of specific statistics for Singapore, numerical values of accident rates were taken from Harwood et al. (27 ) and adapted to the Singapore network based on knowledge about local traffic conditions. Population figures were calculated from the exact number of buildings (residential, commercial, and office) within a distance of 800 meters from the road segment. This value does not account for the decreasing probability of fatalities, as people live further from the road where the release occurs, nor does it account for any site-specific features such as a privileged direction of dis-
persion. The level of details provided by the geographical database could enable such a complex analysis (6, 7 ), but assessing the effects of a hazmat release on the urban environment is beyond the scope of this study. Instead, the study uses the simplistic idea that a release would affect a certain area that is isotropic and the size of which depends on the type of material spilled. Additional risk components are estimated by following the same framework as suggested in the USDOT guidelines for hazmat routing (4). An indicator for special populations is derived on the basis of the location of schools, hospitals, tourist attractions, and places of worship. Environmental risk is calculated using the area of the sensitive environment (nature reserves, water catchment areas, reservoirs and lakes, parks, and protected coastline) that is in the affected network zone. The expected burden on the economy from an accident is again calculated as the product of accident probability and the number of industrial, commercial, and transportation facilities potentially at risk, assuming that a facility in the affected zone will not be operational until the area has been cleaned up. If land use prices were available, it would also be possible to include a measure of the expected property damage caused by an accident.
Emergency Response Capabilities
The present study limits the measure of emergency response capabilities to the capacity of quickly dispatching hazmat response teams to the accident site. This means that evacuation of injured people to hospitals and cleanup operations are not the decisive factors in assessing the effects of a hazmat spill.
Assuming a fixed delay for accident notification, the magnitude of the consequences will depend on subsequent reaction time. D(t) is denoted as the level of damage at time t. The additional damage δD(t) caused by a delay δt in reaction time is assumed to be proportional to the current magnitude of consequences and the delay as follows:
where τ is the characteristic time of effect of the pollutant on the environment, which depends on the nature and harmfulness of the substance, as well as physical and geographical factors such as weather conditions, type of terrain, soil permeability, and population density. Rewriting Equation 2 as and integrating on both sides of the equal sign yields the magnitude of the consequences with a reaction time t:
where D min corresponds to the damage when the accident is reported. D(t) represents the damage when the response teams reach the incident site and does not account for subsequent conditions during containment and cleanup.
Although the exponential increase of the consequences with time conforms to intuition and explains why a quick response is essen-
tial, List found in an empirical study that the probability of injury from a hazmat release seems proportional to the response time, which would mean that the consequences vary linearly with the response time (28) . A closer look at List's paper shows that the linear regression performed included only values of reaction time up to 15 minutes, which is much smaller than the expected time of 2 hours for a complete release. List is doubtful about the generalization of this result. Because the analysis is valid only for short reaction times, the exponential model may fit the same data, provided that the characteristic time τ is adequate. In fact, if t/τ is small enough, the exponential function has a limited development that would yield a similar linear behavior. On the basis of these considerations, the expected additional damage from the delay between notification and response is where τ ≈ 8 h was chosen to be compatible with the results presented by List (28) . For simplicity, it is assumed that only one fire station is needed to contain an incident and that t i is merely the travel time required to reach link i from the closest fire station. Unlike most work on emergency response, this travel time is calculated on the basis of the actual shortest path distance in the network and not on the euclidian (straight-line) distance.
Security Concerns
Relative to security issues, three types of threat related to terrorist activities can be identified-theft of containment by means of deception or force, release or ignition of a material near a potential target, and legal acquisition of hazmat for later use as a weapon (29) . The last threat does not present any immediate risk for hazmat transportation, because it is more an issue for industry regulatory bodies. The present study focuses on only the first two types of threat.
Assume that a terrorist group wants to take control of some hazmat shipment. The hypothesis is that the hijacking is more likely to occur in areas with little traffic. Therefore, an arbitrary score can be assigned to each link to reflect the likelihood of such an event in those areas. Further, as soon as the truck leaves its normal route, police can attempt to intercept the vehicle before it disappears or before its containment is used as a weapon. In such a pursuit-evasion game, the terrorist may prefer roads with a high average speed and no stops to avoid pursuit. In this study, such road segments receive a higher score, which is incorporated in the overall danger index. Now assume that an attack would use hazmat as a weapon to cause maximum damage or fatalities. This can happen after the terrorists have taken control of a hazmat shipment, or even without that happening, because a normal shipment could be intercepted or diverted near a potential target. This study assumes that likely targets are crowded places, such as shopping centers, tourist sites, stadiums, and subway stations; and critical areas (e.g., water catchment areas, power plants) or those with high symbolic value (e.g., government offices, embassies, international schools). Again, an indicator can be constructed to account for the linear density of such targets along each network link, and a linear combination with the other indicators sums up all the security concerns into a single danger index.
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RESULTS
Given the eight objectives, this study attempted to derive the most efficient routes from Jurong Island, the petrochemical hub of Singapore, to the industrial park of Hougang. The discretization of Singapore's main road network resulted in all attributes being constant along each link, resulting in 12,586 links and 9,712 nodes. Despite these large figures, no more than 160 nondominated routes exist, mainly because the driving code restricts the number of turns and thus prevents feasible paths from increasing tremendously. Many of these Pareto-optimal routes overlap and present such a degree of similarity that they could be considered as belonging to the same transportation corridor. Ideally, one segment of each corridor should be sufficient to provide the decision maker with an overview of possible routes. The proposed algorithm was set to stop when 70% of the objective space was explored. This resulted in the calculation of 11 Pareto-optimal paths, which proved to be sufficiently dissimilar. The attributes of each route are listed in Table 1 , together with the quality (Q) of the trade-offs achieved. Figure 3 shows that the selected routes are rather well distributed (travtime, risk). Although not included in the figure, the same observation holds for the other partial plots of the objective space.
Figures 4 and 5 show the shapes of the 11 selected paths and the map of roads approved by the Singapore Government for hazmat transportation. Route 1 is the fastest path and has reasonably good attributes, but Route 3 seems to offer the best compromise despite a longer travel time. Route 2 minimizes the expected environmental risk at the expense of security concerns, whereas Route 7 reduces the risk of terrorist attacks. Routes 5, 6, and 10 are circuitous routes through lower-density areas, which minimizes the overall risk despite higher accident probabilities. Finally, Routes 4, 8, 9, and 11 are additional variants that may offer interesting trade-offs to the decision maker. Although the proposed paths carefully avoid the city center 
